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Abstract
We consider the equation of state of hadroninc and quark matter at finite density in mean field theory, through an effective chiral Lagrangian
whose parameters (coupling constants) are all fixed by hadronic data. Between three to seven times nuclear density, for charge neutral quark matter
in β equilibrium, we find the ground state to be a neutral pion condensate. With increasing baryon density we then expect nuclear matter, followed
by pion condensed quark matter at intermediate density, and finally the diquark colour-flavour CFL condensate. These are all states with chiral
spontaneous symmetry breaking (SSB). We find another remarkable feature and this is that the scalar (pseudoscalar) coupling, λ, has a crucial
and unexpected influence on the physics of neutron stars. Neutron stars with pion condensed quark matter cores exist only in a small window,
between, 5.7 < λ < 6.45. Interestingly, this range is consistent with the value of λ derived from π,π scattering data and such stellar cores may
carry magnetar strength magnetic fields.
© 2006 Elsevier B.V. Open access under CC BY license.1. Introduction
Neutron stars have been a subject of abiding interest for
several decades. There are a variety of astrophysical phenom-
ena that arise from the physics of neutron stars. These include
supernovae, pulsars, accreting binary X-ray sources and mag-
netars, which have super-strong magnetic fields. Most of these
phenomena require us to understand the physics of matter at
very high density, which govern the mass and the size of neu-
tron stars. In other words, one needs to have a clear under-
standing of the equation of state (EOS) of superdense matter.
Although much effort has gone into this enterprise over the last
four decades it still remains poorly understood. Why?
Central densities of neutron stars are high, more than ∼ 5
times nuclear density ρnuc = 0.17 fm−3. For a single species,
neutrons, this naively translates into a Fermi gas with typical
Fermi momentum, kNf ∼ 600 MeV. On the other hand nucle-
ons have structure and a typical size of the order of a Fermi
* Corresponding author.
E-mail addresses: v.soni@airtelbroadband.in (V. Soni),
dipankar@rri.res.in (D. Bhattacharya).0370-2693 © 2006 Elsevier B.V.
doi:10.1016/j.physletb.2006.10.001
Open access under CC BY license.(200 MeV)−1. It is clear that at such high densities nucleons
(neutrons) cannot be treated as elementary. They are composite
and resolved. They are colour singlet bound states of three va-
lence quarks. At such high densities, therefore, treating nucle-
ons as point particles interacting via two body (or more) forces
will be inadequate. Yet most available equations of state adopt
this approach and therefore fail to capture the correct physics at
high density.
On the other hand, if we use quarks as the elementary de-
grees of freedom, we are presently bound by the fact that only
perturbative calculations can be done for QCD. This implies
that calculations can be done in QCD only at very high den-
sity when the theory is approximately in an asymptotically free
(AF) phase. However, at intermediate and low density (close
to nuclear density), where a nucleonic description is valid, we
cannot use perturbative QCD as the coupling becomes strong
and the physics nonperturbative and intractable. This is the
dilemma.
There are attempts to model the physics by a two phase
structure—a quark matter core with a hadronic/nuclear exte-
rior shell and crust. Since there is no simple way to link the
two phases without using separate parameters for both, this de-
scription is somewhat arbitrary. Further, the nature of the quark
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chiral symmetry broken state.
Can we find a single theory that connects both these do-
mains? For this we use an effective chiral Lagrangian, L, that
receives broad support from many contexts. This Lagrangian
has quarks, gluons and a chiral multiplet of [ π,σ ] that flavour-
couples only to the quarks [1–6]
L = −1
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The masses of the scalar (pseudoscalar) and fermions follow
from the minimization of the potentials above. This minimiza-
tion yields
(2)μ2 = −λ2〈σ 〉2.
It follows that
(3)m2σ = 2λ2〈σ 〉2.
Experimentally, in vacuum, 〈σ 〉 = fπ , the pion decay constant.
This theory is an extension of QCD in that it additionally cou-
ples the quarks to a chiral multiplet, (π and σ ) [1–4].
We now summarize some interesting physics that supports
this Lagrangian at the mean field level (MFT)[4,7].
In this chiral, effective L, we do not consider vector gluon
mean fields which would spontaneously break colour symmetry
and Lorentz invariance. Thus, at the level of mean field theory
(MFT) our model reduces to a linear sigma model with quarks.
As it stands, there is no confinement in this model at the level
of MFT, but may be dynamically generated in the full theory as
in QCD.
(i) It provides a model in which the nucleon is realized as a
soliton with quarks being bound in a skyrmion configuration for
the chiral field expectation values (EV) [1,4,7]. This model with
composite nucleons gives a good account of the static properties
of nucleons and nucleon–nucleon interaction potentials [8].
The model provides a natural explanation for the ‘Proton spin
puzzle’ [9]. Such a Lagrangian also seems to naturally produce
the Gottfried sum rule [10].
The Nambu–Jona-Lasinio model, that can be recast as a chi-
ral sigma model [11], at the level of MFT, also yields a quark
soliton nucleon. This gives structure functions for the nucleon
which are close to the experimental ones.
(ii) In a finite temperature mean field theory such an effec-
tive Lagrangian also yields screening masses that match with
those of a finite temperature QCD simulation with dynamical
quarks [12]. This work does not show any parity doubling for
the hadronic states.
(iii) The theory gives a qualitatively consistent description
for the transition from hadronic matter to quark matter at high
density and temperature [4,5,13,14].This L has a single dimensional parameter, fπ , that is the
pion decay constant, and three couplings, g3, the QCD cou-
pling, gy , the Yukawa coupling between quarks and mesons,
that will be determined from the nucleon mass and the meson–
meson coupling, λ, which, for this model, can be determined
from meson–meson scattering [15]. No further phenomenolog-
ical input will be used.
Once the couplings of L are determined from the hadronic
sector, the same effective Lagrangian describes the physics of
the quark matter sector.
We now consider the question of the scales in QCD and the
scale of validity of this effective L.
(i) Constituent quarks vs. current quarks: to begin with let us
consider the two main features of the strong interactions (QCD)
at low energy. These are (a) that quarks are confined as hadrons
and (b) chiral symmetry is spontaneously broken (SSB) with the
pion as an approximate Goldstone boson. There is no specific
reason that these two phenomena should occur at an identical
temperature scale, though QCD lattice simulations show that
for flavour SU2(L) × SU2(R) they are close. The problem in
giving an unequivocal answer to this question is that we are
yet to find a solution to many of the nonperturbative aspects of
QCD.
An interesting question arises: Is the quark matter in a chiral
SSB state with constituent quarks or is it, as is usually assumed,
in a chirally restored state with current quarks?
At finite density [6,13], we shall see in what follows, that
quark matter is in a chiral SSB state. Also, if the chiral sym-
metry restoration (energy/temperature) scale was lower than
the confinement scale we would expect hadrons to show par-
ity doubling below the confinement scale but above the chiral
SSB scale. This is not seen in finite temperature lattice simula-
tions.
(ii) Compositeness scale: actually, QCD can have multiple
scales [5]. Apart from a confinement scale and a chiral sym-
metry restoration scale we also have a compositeness scale for
the pion. We find, somewhat in analogy with the top quark
(large Yukawa coupling) composite Higgs picture, that we can
get a compositeness scale for the scalars (pseudoscalars) in this
model by using renormalization group (RNG) evolution. This
is given by the scale at which the wavefunction renormalization
for the mesons—the coefficient of the kinetic term—vanishes.
Once this term vanishes the meson fields are no longer bonafide
degrees of freedom and can be eliminated using their field
equation. We find that this scale, for the mesons, is inversely
proportional to the running Yukawa coupling and thus naively
vanishes when the Yukawa coupling blows up. For our theory
such a ballpark scale falls between 700–800 MeV This also
gives us an approximate idea of the range of validity of our ef-
fective Lagrangian, as, above the compositeness scale we lose
the meson degrees of freedom.
An independent approach in setting a limit to the range of
validity of nonasymptotically free (e.g. Yukawa) theories, like
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(or large momenta in quantum loop corrections), discovered by
one of us [18]. The scale at which this occurs is of the same
order as above. This is not very surprising since it is connected
to non-AF character of the Yukawa coupling [18,19].
This discussion is to support the use of our effective La-
grangian up to a threshold scale in energy—the compositeness
scale.
Given these facts we use the mean field theory to describe
quark matter in the density regime bounded from above by the
compositeness scale.
The plan of the Letter is as follows. In Section 2 we discuss
how we fix the couplings for our Lagrangian from the hadronic
sector and comment on the description of nuclear matter in this
model. In Section 3 we present the equation of state (EOS) for
3 flavour quark matter using the lowest energy ground state
we have found—the neutral pion condensed phase with chi-
ral SSB. In Section 4 we use our quark matter EOS and the
EOS for nuclear matter given by Akmal et al. (APR) [20] to
make neutron stars. In Section 5 we discuss the phase diagram
of QCD at finite density. We comment on other ground states
and on the comparison between the pion condensed phase with
the colour superconducting phase. Section 6 summarizes our
results.
2. Preliminaries
2.1. The couplings of L
The nucleon, in our linear sigma model with quarks, is
a colour singlet bound state of three valence quarks in a
Skyrme background. The general solution follows on varying
the Skyrme configuration π and σ and quark fields, that occur
in the soliton field equation, independently. The quark soliton
so obtained is projected to give a nucleon with good spin and
isospin [1b].
The mass, M , of the nucleon depends just on fπ (which is
93 MeV), gy and λ. The dependence on λ is marginal, so the
only parameter that the mass depends on is the Yukawa cou-
pling, gy . Fixing M = Mnucleon, yields a generally accepted
value for gy = 5.4 [1b].
Recently, Schechter et al. [15] made a fit to scalar channel
scattering data to see how it may be fitted with increasing
√
s
(centre of mass energy), using chiral perturbation theory and
several resonances. They, further, looked at this channel using
just a linear sigma model. Their results indicate that for centre
of mass energy
√
s < 800 MeV, a reasonable fit to the data can
be made using the linear sigma model with a ‘tree’ level sigma
mass close to 800 MeV, or equivalently, λ ∼ 6. We may add that
the ‘tree’ level mass is a parameter for the ‘tree’ level L, and is
equivalent to setting a value for λ—it is not the physical mass
of the sigma (see [15] for details).
The range of validity of the linear sigma model is also con-
sistent with the range of validity of our effective L. This com-
pletes the determination of all the parameters of our L from the
hadronic sector.2.2. The nucleon or nuclear phase
In this phase, as the name suggests, the quarks are to be
found as bound states in nucleons. Nucleon–nucleon interac-
tion potentials like one pion exchange, tensor, etc., have been
obtained from two skyrmion configurations [16]. These poten-
tials have also been calculated for our quark solitons [8]. The
simplest way to do nuclear matter is to use these potentials and
to map on to nuclear physics as done with conventional nucle-
ons.
Since we have a good description of nucleons from our the-
ory we can in principle construct nuclear matter in terms of
composite quark solitons. However, to construct the ground
state of nuclear matter from composite nucleons is, to say the
least, a formidable exercise. and can only be done using crude
approximations.
More as a pedagogical exercise, we now indicate how we
may look at nuclear matter. As the density increases we expect
that the nucleons are no longer free to move around. If we make
the assumption that they get localized into a “crystal” (of quark
soliton nucleons) like configuration, we can then use a Wigner–
Seitz approximation to convert to a single cell problem. Instead
of imposing on the reader, we have moved this calculation to
a preprint [17]. The EOS this yields [14,17] has many qualita-
tively correct features but nevertheless is far too stiff compared
to most standard EOSs. for example, the APR [20] EOS. This
underscores the difficulties in making an accurate many body
calculation with our solitons.
It is then more reasonable to use the N–N potentials in our
model and map on to a potentials based many body nuclear
matter calculation. We find it judicious to simply use a standard
nuclear equation of state, like [20] to describe the nuclear matter
sector.
At density higher than overlap, the nucleons dissolve into
quarks. As stated earlier, our quark based, L, can be used to
describe the quark matter ground state below.
3. The ground state for 3 flavour quark matter
For neutron stars it is the ground state of charge neutral quark
matter in β equilibrium at given density that is needed for the
equation of state. We find, in what follows, the ground state
to be the neutral pion condensate. What is also new is that the
couplings of L are fixed from the hadronic sector.
For the equation of state we need to calculate the free energy
density at a given density. We first review the calculation for the
energy density from a previous paper [6], which will be used to
calculate the free energy.
In [6] we considered different patterns of symmetry breaking
for the, (π and σ ), fields and calculated the respective ground
state energies. In particular, we considered two cases:
(i) The two and three-flavour (see below), π0, pion con-
densed phase, where the (π and σ ) expectation values are in
a stationary wave configuration, with a wavevector, q (see be-
low).
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Charge neutral, 3-flavour, beta-equilibrium pion condensed phase with mσ = 800 MeV. The columns are: u-quark chemical potential (μu in MeV), baryon density
(nb in fm−3), energy per baryon (Eb in MeV), electron density (ne in fm−3), ratio of densities of d-quark and u-quark (nd/nu), that of s-quark and u-quark
(ns/nu), the order parameter (F in MeV) and magnitude of the vector q
μu nb Eb ne nd/nu ns/nu F q
280.0 0.2972 984.94 0.2303E–02 1.916 0.0318 37.0406 2.5945
300.0 0.3645 981.48 0.1602E–02 1.731 0.2269 31.9655 2.6149
320.0 0.4591 994.07 0.1141E–02 1.599 0.3640 28.6471 2.9703
340.0 0.5409 1008.88 0.1173E–02 1.564 0.4004 30.4335 3.0216
360.0 0.6700 1043.21 0.9455E–03 1.499 0.4672 28.8195 3.6217
380.0 0.7628 1062.14 0.1063E–02 1.482 0.4847 31.6743 3.4574
400.0 0.8967 1104.94 0.4413E–03 1.345 0.6245 23.6066 3.9497
420.0 1.0472 1134.64 0.1283E–02 1.463 0.5040 36.1496 3.9839
440.0 1.1774 1168.76 0.4890E–03 1.317 0.6529 26.8871 4.0720
460.0 1.3225 1216.52 0.1794E–03 1.218 0.7529 19.3370 4.3125
480.0 1.5149 1246.21 0.3896E–03 1.267 0.7033 26.9453 4.3670
500.0 1.6900 1290.81 0.2212E–03 1.211 0.7597 23.0806 4.4865(ii) The space uniform symmetry broken state, which fol-
lows on putting q = 0. At high density this state goes through
a chiral restoration and essentially resembles conventional
strange quark matter (SQM), that is chirally restored quark mat-
ter (CRQM).
The π0 condensed ground state (PC) is found to have the
lowest energy in the chiral limit [6,13] (see Table 1). We refer
the reader to [6], where we have set up the machinery to de-
scribe this ground state which is built on nontrivial symmetry
breaking in the presence of the π0 condensate. This is given as
follows,
For the SU(3) flavour case we have a singlet ξ0 and an SU(3)
octet ξa of scalar fields and a singlet φ0 and an SU(3) octet φa
of pseudoscalar fields, with the expectation values [6],
(4)〈ξ0〉 =
√
3/2F
(
1 + 2 cos(q . r))/3,
(5)〈ξ8〉 = −
√
3F
(
1 − cos(q . r))/3,
(6)〈φ0〉 = 0,
(7)〈φ3〉 = F
(
sin (q . r))
while all other fields have zero expectation value. On putting
q = 0, we get the vacuum (space uniform) symmetry bro-
ken state. This yields the simple mass relation for the strange
quark, Ms = gyF + ms , where ms is the current mass and,
F = √〈 π〉2 + 〈σ 〉2, is the chiral order parameter (F = fπ , at
zero density).
The ground state energy is obtained by summing all oc-
cupied single quasiparticle states, in the presence of the pion
condensate, for the u and d quarks up to their Fermi energy.
The quasiparticle states in the presence of this condensate have
a spin-isospin alignment which gives the ground state a mag-
netic dipole moment. To this we add the sum over the plane
wave states for the strange quarks of mass, Ms , up to the Fermi
energy. Besides, we have, the gradient energy and the potential
functional contributions from the meson sector. Charge neutral-
ity requires us to include electrons as well. β-equilibrium is
imposed and this implies several chemical potential relations
between the different species (see [6]).The ground state energy and the baryon density depend on
the two variational parameters, the order parameter or the ex-
pectation value, F , and the condensate momentum, |q|.
Ref. [6] provides the expressions for the baryon density, nb,
and the total energy density, , of the PC in terms of the u, d , s
quark Fermi energies/chemical potentials.
For the EOS we need to construct the Gibbs free energy at a
fixed baryon density
(8)Ω =  − nbμb.
The baryon chemical potential is defined as
(9)μb = ∂/∂nb.
After meeting all the neutrality and equilibrium conditions
above for fixed F and q , we can write all the above variables as
a function of a single variable, μu.
We then minimize Ω independently with respect to F and q .
The energy per baryon, Eb , etc., then follow.
The results are presented in the table and in Fig. 1(a).
Fig. 1(b) gives the EOS for all the phases considered so far.
As promised in the introduction
(i) We note that the SSB neutral pion condensed ground
state is always lower energy than the CRQM state, indicating
that quark matter is in the chiral symmetry broken state.
(ii) As is clear from the table we have stayed in range of
validity, μ < 700 MeV, of the our effective L.
(iii) Another feature of this π0 condensate is that we have a
spin isospin polarization, ‘u’ and ‘d’ quark quasiparticles have
opposite spin and opposite charge. We can then get a net mag-
netic moment in the ground state, as the magnetic moments of
the u and d quarks add [6].
4. Neutron stars from our EOS
In order to construct stars with this pion-condensed (PC)
matter, we note that this state is thermodynamically stable only
at densities above twice the nuclear density, so it is necessary
to extend the equation of state to lower densities by interfac-
ing with a nuclear equation of state. To describe the nuclear
162 V. Soni, D. Bhattacharya / Physics Letters B 643 (2006) 158–164(a)
(b)
Fig. 1. (a) Energy per baryon vs. baryon number density for 3-flavour
pion-condensed phase for three values of assumed tree-level mass of the scalar
meson σ . Charge neutrality and beta equilibrium are imposed. One-gluon ex-
change interaction is included using the prescription of Baym [21]. (b) Com-
parison of the equations of state of the 3-flavour space uniform phase and
pion-condensed phase for mσ = 800 MeV, with APR [20].
regime we use the APR [20] equation of state. We treat the
phase transition between these two states as a first order one
with a density discontinuity, where the pressures and the chem-
ical potentials of both phases match. We determine this phase
transition via the regular Maxwell construction (Fig. 2). We
find that the density discontinuity is small, giving us the con-
fidence that even if the transition occurs via a mixed state [22]
the results will be similar to those obtained with a discontin-
uous transition. At subnuclear densities, the equation of state
is smoothly matched to those of Negele and Vautherin [23],
Baym, Pethick and Sutherland [24], and Feynman, Metropolis
and Taylor [25].
To construct the neutron star, we solve the Tolman–Oppen-
heimer–Volkoff (TOV) hydrostatic equilibrium equation [26]
with the above equation of state. For a given mσ , the PC core
exists only if the central density of the star exceeds the APR-
PC transition, which would happen above a threshold stellar
mass MT . With increasing mσ , the APR to PC phase transitionFig. 2. The Maxwell construction: energy per baryon plotted against the recip-
rocal of the baryon number density for APR equation of state (dashed line) and
the 3-flavour pion-condensed (PC) phase, for three different values of mσ (solid
lines). A common tangent between the PC phase and the APR phase in this dia-
gram gives the phase transition between them. The slope of a tangent gives the
negative of the pressure at that point, and its intercept gives the chemical poten-
tial. As this figure indicates, the transition pressure moves up with increasing
mσ , and at mσ below ∼ 750 MeV a common tangent between these two phases
cannot be obtained.
Fig. 3. Mass vs. central density of neutron stars with magnetic pion condensed
cores. The upper line corresponds to pure nuclear matter with APR [20] equa-
tion of state. The lower lines (labelled PC) indicate stars with pion-condensed
quark core, displayed for two values of mσ , 800 and 815 MeV. The density
discontinuity at the phase transition is clearly visible.
moves up to higher densities, and MT increases correspond-
ingly. At mσ > 850 MeV (λ = 6.45), the PC core cannot
form since MT exceeds the maximum mass of the neutron
star, which in this model works out to be about 1.6M (see
Fig. 3). On the other hand, at mσ < 750 MeV (λ = 5.7) the
Maxwell construction between the PC and the APR state is
no longer possible. Neutron stars with quark matter PC cores
can therefore exist only if mσ is in the range 750–850 MeV.
The magnetic moment of such PC cores could lead to magnetic
fields as strong as ∼ 1015 G at the surface of the neutron star
and may be responsible for the strong fields found in magne-
tars.
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5.1. Quark matter ground states
(i) At issue is the question if the neutral pion condensate we
have considered is the lowest energy ground state. It is to be
noted from the lecture notes of Baym [21], that the neutral pion
condensate is the preferred ground state over the charged pion
condensate for charge neutral nuclear matter in β equilibrium,
in the nonrelativistic limit.
Let us first consider the question as to how the quark mat-
ter charged pion condensate ground state compares with our
ground state. Ref. [13] finds these two condensates are related
by a chiral rotation and are degenerate in energy, but this is
only for isospin symmetric matter—that is in the absence of
both charge neutrality and β equilibrium.
We have considered this question for charge neutral quark mat-
ter in β equilibrium analytically and find that the neutral pion
condensate is the preferred ground state over the charged pion
condensate, for nonrelativistic and point-like (gA = 1) quarks.
This is important as the charged pion condensate has no dipole
magnetism [13].
(ii) The K condensate in nucleon matter is a strong candi-
date for the ground state. In nuclear matter the term that gives
rise to this is the chiral symmetry breaking, sigma term, which
is proportional to the nucleon mass and first order in the symme-
try breaking expansion parameter (or ms ). In the case of quark
matter, with point like quarks, such a term is not proportional
to the nucleon mass and is second order in ms and is thus un-
likely to play a defining role. We think that this may rule against
K condensates in quark matter as opposed to nuclear matter,
though we have not carried out this calculation.
(iii) It is worth pointing out that all these condensate states
have lower energy than the chirally restored CRQM state, are
chiral symmetry broken states.
5.2. Quark matter at even higher density
At very high density, QCD gluon interactions become weak
and enter the asymptotically free regime. It is well known that
the quark Fermi seas are unstable to the formation of the di-
quark condensate state, no matter how weak the gluon interac-
tion is.
There is an important issue which then arises; at what den-
sity does the pion condensed quark matter state transit into the
diquark condensate state? In this section we review some work
[27,28] that addresses this question using the NJL model and
which has implications for our work.
We have argued that the linear sigma model is a valid model
till centre of mass energies/scales of less than, 700–800 MeV,
the right procedure would be to take this model to describe
physics up to this scale. But our model has only chiral con-
densates.
It is well known that there is an identity between the NJL
model and the linear sigma model [29], and thus the NJL can
be mapped to our linear sigma model [28] and the ground
state thereof. The NJL model, which has a chiral symmetricfour fermion interaction can, however, accommodate both chi-
ral (quark–antiquark colour singlet) condensates and diquark
condensates.
A comparison of these two states has been done by Sadzi-
kowski [27,28,30] in the context of a NJL chiral symmetric
model, for the case of 2 flavours—SU(2)L × SU(2)R . What
is done is at the level of mean field theory. The NJL model
has four fermion interactions in terms of the quark bilinears
corresponding to the σ and π field quantum numbers, with
a common dimensional coupling, G. If we are interested in a
ground state carrying sigma and/or pion condensates we can re-
place these quark bilinears by the corresponding σ and π EVs
in the MFT. This yields the ground state energy of the space
uniform SSB and the PC states. Further, these works calculate
the ground state energy of the diquark condensate which is got
from the NJL four Fermi interaction by Fierz transformation.
Although these results [27,28,30] are not for exactly the
same parameters they provide a good sense of the physics. In
this case the PC is the preferred ground state till μ well above
400 MeV. As the tables suggest such values of μ, correspond to
baryon density 5–6 times nuclear density—the central density
in our stars. This makes the PC a likely state in our neutron star
cores.
Of course, these works deal with the two-flavour case—
where the colour diquark condensate is a chiral singlet. Realisti-
cally, we must consider 3 flavours, since the quark chemical po-
tential is much greater than the strange quark mass. In this case
we are very likely to have the CFL state as the lowest energy
state. The criterion for this is given in [31] and is Δ > m2s /4μ,
which is easily satisfied. Furthermore, in this case the diquark
condensate is a colour-flavour condensate which has both chiral
SSB and colour SSB, albeit in a manner different to the PC.
With increasing baryon density we then expect the following
hierarchy. At nuclear density and above we have nuclear matter,
followed by neutral pion condensed quark matter and finally a
transition to the diquark CFL state which all have chiral SSB.
These considerations indicate that, at any finite density (T = 0)
chiral symmetry remains spontaneously broken. A similar re-
sult has also been obtained in 1 + 1 dimension [32].
6. Results
(i) For neutron stars it is charge neutral quark matter in β
equilibrium at given density that is needed for the equation of
state. We have found that the neutral pion condensate is the
ground state for such quark matter. This is the first such calcula-
tion for this EOS and what is also new is that all the parameters
of L are fixed from the hadronic sector.
(ii) We have made a strong case for the spontaneous break-
ing of chiral symmetry at all baryon density (at T = 0).
(iii) We have constructed neutron stars with pion con-
densed quark matter cores and found that such cores occur
only under very particular constraints on the value of the scalar
(pseudoscalar) coupling, 5.7 < λ < 6.45 (or equivalently, when
the ‘tree’ level sigma mass in this model is in a small window,
750–850 MeV). This window is consistent with, π,π scattering
data.
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pion condensed state is the most likely and that the quark cores
can carry high magnetic fields.
Is this a coincidence that a single parameter in our effect-
ive L, the ‘tree’ level mass of the sigma or the value of λ, plays
a crucial role? Is it fortuitous that the tree level sigma mass set
by scattering experiments sits in a small window that simulta-
neously rules out SQM as the absolute ground state of matter
[6] and also can provide us with neutron stars that can have
magnetic PC cores?
The problem in sustaining a PC core with a nuclear exterior
is that we have a stiff exterior with a soft interior—a rather un-
stable situation. It is thus not so surprising that very particular
conditions must obtain for this to occur.
Clearly to get quantitative results we have to work with a
specific model. In this case we have worked with a specific
effective L that is built on the two symmetries of the strong
interaction, chiral symmetry and colour symmetry. Further, all
its couplings are determined from experimental hadronic data.
In this case we are working from low density (energy) to higher
density (energy), till the compositeness scale. This is different
from the vast literature on diquark condensation (CFL), which
examines the problem from the high density end where is no
experimental data. Though, we cannot claim any sanctity for
our L, we have provided physical justification for it, its range of
validity and determined its parameters from hadronic physics.
Finally, proof can be provided only from testing our specific
results.
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